The paper studies the effect of Reynolds number, fin pitch, louver thickness, and louver angle on flow efficiency in multi-louvered fins. Results show that flow efficiency is strongly dependent on geometrical parameters, especially at low Reynolds numbers. Flow efficiency increases with Reynolds number and louver angle, while decreasing with fin pitch and thickness ratio. A characteristic flow efficiency length scale ratio is identified based on geometrical and first-order hydrodynamic effects, which together with numerical results is used to develop a general correlation for flow efficiency. Comparisons show that the correlation represents more than 95% of numerical predictions within a 10% error band, and 80% of predictions within a 5% error band over a wide range of geometrical and hydrodynamic conditions. iv
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Introduction
Compact heat exchangers are used in a variety of automotive, residential air-conditioning and refrigeration applications. For air-side heat transfer augmentation, multilouvered fins are quite popular. Beauvais [1] was the first to conduct flow visualization experiments on the louvered fin array. He demonstrated that louvers, rather than acting as surface roughness that enhanced heat transfer performance, acted to realign the airflow in the direction parallel to themselves. Davenport [2] performed flow visualization experiments identical to those of Beauvais and further demonstrated two flow regimes, duct directed flow, and louver directed flow. In general, the flow direction follows the path of least hydraulic resistance. Under certain conditions, one of them being low Reynolds number, the flow has a propensity to move straight through between fins, rather than align itself to the louvers. At low Reynolds numbers, this is a result of the high flow resistance between louvers brought about by the thick boundary layers.
The flow direction has profound implications on the overall heat capacity of the fin by virtue of its strong effect on the heat transfer coefficient. It is particularly crucial for low Reynolds number applications (Re < 500), in which the natural tendency for air is to flow straight through the fin and not over the louvers. Hence, it is important to be able to quantify and predict the flow direction. 
For a small louver angle (θ<30), the difference between exp η and η is small 2 .
Webb and Trauger (hereafter referred to as WT) [3] experimentally studied the flow structure in multilouvered fin geometries for six fin pitch ratios (0.7 to 1.5), one thickness ratio (0.0423) and two louver angles Before the critical value, flow efficiency depends on, and increases with Reynolds number, louver angle, and decreases with fin pitch ratio. 
Beyond the critical value, flow efficiency is only affected by fin pitch ratio.
The above flow efficiency is not continuous at the critical Reynolds number. To remedy this deficiency, equation (2) was modified by Sahnoun and Webb (hereafter referred to as SW) [4] 
It is interested to note that in SW's correlation, the critical Reynolds number depends only on louver angle while the flow efficiency beyond this Reynolds number depends only on fin pitch ratio.
Achaichia and Cowell (hereafter referred to as AC) [7] used numerical calculations to model the flow through a simplified two-dimensional louver array. The louvers were assumed to be infinitely thin, and the flow to be fully developed. From their numerical simulations, the following correlation for flow efficiency was given:
As Reynolds number tends to infinity, flow efficiency in equation (4) 
In 1996, Bellows (hereafter referred to as B) [5] conducted flow visualization experiments and investigated the effect of fin pitch ratio and louver angle on flow efficiency. Using AC's correlation as a starting point, and taking into consideration developing flow effects, a general correlation was developed as:
The asymptotic flow efficiency as Reynolds number tends to infinity is: 
[5] An important omission in all previous correlations (both numerical and experimental) is the effect of fin thickness ratio. The fin thickness ratios are completely different in these studies. Thickness ratio in AC's numerical calculations is zero, in B's experiments, it varied from 0.089 to 0.106, while in WT's experiments it was fixed at 0.0423.
Our objective in this paper is to use over 200 high resolution numerical simulations done over the past three to four years to develop a broader and consistent relationship between flow efficiency and multilouver geometry and Reynolds number. We study the effect of fin pitch, louver angle, fin thickness, and flow depth on flow efficiency to obtain a mathematical model, which is then used to develop a correlation for flow efficiency.
Numerical method and computational geometry
The governing equations for momentum and energy conservation are solved in a general boundary conforming coordinate system. They are discretized with a conservative finite-volume formulation. Details about the time-integration algorithm, treatment of boundary and louver surface conditions, and validation of the computer program can be found in Tafti et al. [8] . The base configuration used in these calculations consists of an entrance and exit louver with four louvers on either side of the center or redirection louver. Figure 2 shows the base fin geometry and the corresponding computational domain which is resolved by 15 computational blocks, one for each louver, two each for the entrance, exit and redirection louver. The exit domain extends approximately 5.5 nondimensional units downstream of the exit louver. Periodic boundary conditions are applied in the transverse direction, while Dirichlet boundary conditions are specified at the entrance to the array. Validation and evaluation of the current numerical method A grid independency study was performed at a resolution of 128x128 cells in each block (a total of 245,760 cells). As shown in Figure 3 To further validate the numerical procedure, we have simulated the multilouvered geometry used in the experiments of DeJong and Jacobi [6] . They performed flow visualization experiments to obtain flow efficiencies together with mass transfer experiments to quantity the heat transfer coefficient. In the experimental setup, the ratio of fin pitch to louver pitch is 1.09, thickness ratio is 0.1, and louver angle is set to 28 degrees, with 7 louvers on either side of the redirection louver. Results from the numerical simulations on an identical geometry are shown in Figure 4(a -d) . Figure 4 3 In DeJong and Jacobi's report, it was 0.77. 4 The Sherwood number in DeJong's experiments for this geometry is only available at Re=270 and 600. DeJong C urrent numerical results [6] (c) (d) 
Effect of thickness ratio and flow depth
In previous experimental and numerical work, the effect of fin thickness on flow efficiency has not been studied, nor has it been included in correlations of flow efficiency. It is observed that for thicker fins (b=0.15), a drop in flow efficiency is incurred as the Reynolds number increases beyond a certain value, followed by a recovery. At small louver angles the drop in flow efficiency occurs earlier than with large louver angles. As louver thickness increases, the open flow area between adjacent louvers is reduced. The percentage reduction in the flow area is larger for smaller louver angles. As Reynolds number increases, thicker louvers are more prone to develop large recirculation zones on the louver surface. The recirculation zones further block the flow path between louvers, hence decreasing the flow efficiency. As the Reynolds number increases further, the separated shear layer becomes unstable, with subsequent vortex shedding.
This partially frees up the flow passage between louvers, and lets the flow efficiency recover to a higher value. This is seen in the distribution of flow angles at individual louvers in Figure 6 
Model for Predicting Trends in Flow Efficiency
The accurate prediction of flow efficiency requires that all geometrical and nonlinear hydrodynamic effects be taken into account. In this section we develop a simple model for predicting flow efficiency based solely on geometrical information and its first-order effect on the hydrodynamics. Using this model and the database of calculated flow efficiencies, we then develop a general correlation for flow efficiency in the next section.
For a given fin geometry and Reynolds number, air flow through the louver bank follows the path of least resistance. The incoming flow can be decomposed into two fluid streams: one that flows between two fins or duct directed flow, and the other which flows in the louver direction as shown in Figure 7 (a). If U F is the bulk flow velocity in the direction parallel to the fin, and U L , the bulk velocity parallel to the louver direction, then using the decomposition in Figure 7 (b), the following relationship is satisfied:
In the small to medium angle limit, Eqn. (8) can be simplified to obtain an expression for flow efficiency as:
Equating the pressure loss for the two fluid streams in a parallel flow circuit, the following equation is satisfied: 
Substituting in equation (9), an expression for flow efficiency follows as: )) cos( ) sin( (
(a) .0. It is found that louver angle has a strong effect on d at small fin pitch ratios, whereas the sensitivity of d to louver angle decreases as fin pitch increases. However, larger louver angles do compensate for high fin pitches by increasing d. We again note the trend reversal of the effect of thickness on d at large louver angles and small fin pitches. The normal trend, which is present for moderate to high fin pitches, and moderate to low louver angles, is a decrease in d and flow efficiency with an increase in thickness. The trend reversal can be seen clearly in Figure 8 
General correlation for flow efficiency
In the previous section, a first order relationship between flow efficiency and geometrical parameters was introduced in equation (11). In this section, equation (11) is used as the foundation for developing a general correlation for flow efficiency. We first use equation (11) to set the value of flow efficiency based solely on trends predicted by geometrical information (given by η 1 ). This establishes the correct base trends in flow efficiency, and further corrections are added to match the absolute values. In the next step, an additive factor (given by η 2 ) is introduced to match the asymptotic value of flow efficiency for a given geometry. Finally, η 3 adjusts the asymptotic value by introducing a Reynolds number dependency. All, η [1] [2] [3] are functions of the louver geometry, whereas, only η 3 has a Reynolds number dependence in it.
To obtain a reasonable value of the exponent e in equation (11) Table 1 ). The errors in the correlation are larger at low Reynolds numbers, small louver angles, and large fin pitches. We further test the accuracy of the correlation by using it to predict flow efficiencies in louver configurations not used to construct the correlation. This is shown in Figure 11 . In these cases, fin pitch ratios vary and a fin pitch ratio of 1.0. The complete geometrical parameters are described in Table 2 . Figure 12 (a-b) plots the predicted flow efficiency versus the numerical calculations. Even for the extreme louver geometries, the correlation shows a high degree of accuracy in predicting the numerical data, up to θ=50 degrees. The correlation does not predict the drop in flow efficiency for θ>50 degrees, which is a result of blockages between louver passages caused by massive flow separation. Figure 12 (b) tests the prediction capability of the correlation at large thickness ratios.
For small fin pitch, and high louver angle, the ratio d predicts an increasing trend in flow efficiency with thickness. This is countered by recirculation zones which are more prevalent for thick louvers. Both these effects combine to
give a near constant flow efficiency. Table 2 The geometrical parameters of the numerical experiments for larger louver angles and thickness ratios. A comparison between the current and previous correlations is plotted in Figure 13 , for 
Conclusions
Flow efficiency has a strong effect on the heat transfer capacity in multilouvered fins. A review of past correlations has shown considerable differences in their ability to predict flow efficiency consistently and accurately.
The present paper presents a general correlation for flow efficiency with the aid of a large database of high fidelity numerical simulations. Results show that flow efficiency is strongly dependent on geometrical parameters, especially at low Reynolds numbers. Flow efficiency increases with Reynolds number and louver angle, while decreasing with fin pitch and thickness ratio. Compared to fin pitch, louver angle has a stronger effect. Louver thickness effect on flow efficiency is also significant for small louver angles. A relationship for the trend in flow efficiency is developed based on geometrical and first-order hydrodynamic effects. The relationship is then supplemented by numerical results to develop a general correlation for flow efficiency with a geometrical dependence on fin pitch, louver thickness ratio, and louver angle. Comparisons show that the correlation represents more than 95% of numerical predictions within a 10% error band, and 80% of predictions within a 5% error band over a wide range of geometrical and hydrodynamic conditions.
